INTRODUCTION
Protein-protein interactions mediate a vast number of regulatory pathways and are, thus, central to cell physiology (Kuriyan and Eisenberg, 2007; Yu et al., 2008) . Formation of protein complexes often is precisely regulated to control protein activity and prevent premature and undesirable interactions among cellular components (Kobe and Kemp, 1999; Schlessinger, 2003) . This role is frequently served by molecular chaperones whose cellular functions include assisting with folding and unfolding, biogenesis, regulating protein conformation and activity, targeting, and assembling and disassembling large protein complexes (Hartl and Hayer-Hartl, 2009; Haslbeck et al., 2005; Stirling et al., 2006) .
The multiple roles of chaperones are particularly prominent in various protein transport and secretion pathways (Cross et al., 2009; Waksman and Hultgren, 2009) . Specialized chaperones are important components of type III secretion (TTS) systems, wherein they assist with the assembly and operation of the entire machinery (Birtalan et al., 2002; Cornelis, 2006; Feldman and Cornelis, 2003; Galá n and Wolf-Watz, 2006; Parsot et al., 2003) . The TTS apparatus is exquisitely engineered molecular machinery that has evolved specifically to deliver bacterial virulence proteins directly into eukaryotic cells (Cornelis, 2006; Galá n and Wolf-Watz, 2006) . Loss of a TTS chaperone generally results in rapid degradation, aggregation, or reduced secretion of its cognate secretion substrate(s) (Feldman and Cornelis, 2003; Parsot et al., 2003) .
CesAB is a chaperone for EspA in the enteropathogenic Escherichia coli (EPEC) (Creasey et al., 2003) . EPEC, the archetype of a group of pathogens that adhere to host enterocytes via the formation of attaching and effacing (A/E) lesions, causes extensive host cell cytoskeletal rearrangements (Dean and Kenny, 2009) . Once secreted, EspA undergoes self-polymerization, thereby forming a long extracellular filamentous extension that connects the needle to the translocation pore in the eukaryotic plasma membrane and likely acts as a molecular conduit for TTS protein translocation (Knutton et al., 1998) . Because of its high tendency to self-oligomerize, it is necessary to capture EspA in its monomeric state in the bacterial cytosol, a role served by the CesAB chaperone (Creasey et al., 2003; Yip et al., 2005) .
Here, we show that CesAB, in contrast to typical chaperones, exists as a loosely packed, conformationally dynamic homodimer in solution. CesAB adopts an autoinhibited conformation to prevent self-aggregation but undergoes a subunit exchange mechanism to form a stoichiometric complex with EspA. By transiently exposing part of the binding site in a mechanism that is facilitated by packing defects at its homodimeric coiled-coil subunit interface, CesAB rapidly becomes poised for EspA binding. Correction of the naturally occurring packing defects results in a less labile CesAB, which fails to bind to EspA and thereby gives rise to a nonfunctional TTS system in vitro and in vivo. EspA uses structural mimicry to offset the weak spots in CesAB, thereby inducing the folding of both partners and selectively stabilizing the heterodimer. We show that this mechanism is evolutionarily conserved among several TSS systems. This regulatory mechanism of protein activity presents a lucid example of functional advantage conferred upon a biological system by finely tuned structural instability.
RESULTS

CesAB Adopts a Molten Globule-like Conformation
Biophysical characterization shows that CesAB is all a-helical ( Figure 1A ), existing in solution as a homodimer ($27 kDa) with a dimer dissociation constant (K d ) of $0.5 mM (Figures S1A and S1B available online). The backbone nuclear magnetic resonance (NMR) spectra of CesAB show, surprisingly, far fewer signals than expected for a natively folded protein (Figure 1B, blue) . Moreover, the observed peaks are poorly dispersed and show severe line broadening. Similarly, poor dispersion is also observed for the methyl groups of hydrophobic residues, suggesting that CesAB is relatively loosely packed ( Figure 1C ). This observation is further corroborated by the circular dichroism (CD) 222:208 nm ratio ($0.91; Figure 1A ), a value indicative of loose interstrand association in coiled-coil proteins (McNamara et al., 2008) and near-UV data ( Figure S1C ). In addition, the CD thermal-denaturation profile of CesAB ( Figure 1D ) features a long transition that is suggestive of noncooperative unfolding of the protein. Collectively, these data provide strong evidence that CesAB is a loosely packed, conformationally heterogeneous dimeric chaperone with molten globule-like conformational properties.
Structure Determination of CesAB
The conformational heterogeneity and dynamic fluctuations of conformations in CesAB give rise to poorly dispersed, severely broadened NMR spectra (Figures 1B and 1C, blue) that preclude direct determination of its structure. To overcome the technical challenges presented by the low quality spectra and conformational heterogeneity of the protein, we exploited the fact that addition of small amounts of trifluoroethanol (TFE) as cosolvent (up to 10% volume/volume) shifts the conformational equilibrium toward the folded conformation. This results in markedly increased chemical-shift dispersion, the narrowing of most of line widths, and the appearance of the majority of the expected CesAB resonances (Figures 1B and 1C, magenta) . Close comparison of the 1 H-
15
N heteronuclear single quantum coherence (HSQC) NMR spectra of CesAB in the native state (0% TFE) and in the presence of 10% TFE ( Figure 1B ) reveals that several of the well-dispersed peaks are present in the native spectrum, although broad; addition of TFE decreases their line width but does not significantly affect their chemical shifts. This observation indicates that TFE (up to 10% TFE) simply stabilizes the regions that are mostly folded already in the native state. This is especially true in the case of the methyl groups that are located at the dimerization interface (e.g., see the Ala region in the 1 H-13 C heteronuclear multiple quantum coherence (HMQC) spectrum in Figure 1C ) whose chemical shifts are not affected significantly by the addition of TFE but whose line widths become significantly narrower. The combined analysis of 1 H-15 N HSQC and 1 H-13 C HMQC spectra shows that TFE increases the helicity of many regions but does not appreciably affect the packing. In agreement with the NMR results, far-UV CD data show that increased concentrations of TFE stabilize the a-helical structure of CesAB ( Figure 1A ). Multiangle laser light scattering (MALLS) data shows that CesAB remains dimeric in 10% TFE. Addition of such small amounts of TFE has been often used to suppress unfavorable conformational exchange due to unfolding and to determine high-resolution structures by NMR (Buck, 1998; Kim et al., 2000) . The structure of CesAB under native conditions (Figures 2 and S2A) was determined by refining the initial CesAB structure obtained in 10% TFE by including distance and dihedral angle restraints obtained under native conditions (0% TFE) to more reliably represent the secondary structure and packing of the native CesAB (see Experimental Procedures for a detailed NMR assignment and structure calculation protocol). Several mutants were designed and tested on the basis of the determined CesAB structure, and the structural data accounted for the phenotype of all of them, providing strong support for the validity of the structural approach (see below). As an ultimate proof of the robustness of the CesAB structure, we designed a triple CesAB mutant on the basis of the structural data, stabilizing the dimeric interface of CesAB and suppressing the unfavorable conformational exchange, thereby giving rise to improved spectral properties under native conditions (see below).
Structure of CesAB Reveals a Loosely Packed Helical Bundle
The structural data, which are biased toward the folded population of the CesAB native ensemble, show that CesAB adopts a four-helix bundle conformation (Figure 2A) . Each of the CesAB subunits adopts a U shape with an all-helical conformation, consisting of helices a1 (Arg8-Glu36), a2 (Gln50-Lys54), and a3 (Asp72-Thr84), with helices a1 and a2 connected by a hairpin ( Figure S2B ). The C-terminal region (Ser86-Val107) is unstructured. Dimer formation is mediated by helical segments in both the N-and C-terminal regions, with helices a1 and a3 from each polypeptide chain packing together via extensive hydrophobic interactions to form a coiled-coil four-helix bundle (Figures 2A and 2B ). The hairpins from each subunit pack in an antiparallel manner with 2-fold symmetry, providing an overall topology that resembles a bisecting U motif (Hill et al., 2000) . The radius of gyration calculated using the structure of CesAB (R g $26.5 Å ) concurs with the value measured experimentally by MALLS (R g $26.9 Å ).
Most of the hydrophobic residues project between the helices or into the center of the bundle, forming a single hydrophobic core (Figures 2B and 2C) . A relatively small area ($1,000-1,200 Å 2 ) appears to consistently mediate the dimerization in all conformers in the structural ensemble ( Figure S2A ). This area, consisting exclusively of hydrophobic residues (Leu13, Ile17, Ile24, Ile27, Ile28, and Phe31 of helix a1 and Ile78, Leu81, and Leu85 of helix a3), is formed primarily by the interaction of the a1 helices, a1-a1 0 , and is supported by a1-a3 0 and a3-a3 0 interactions ( Figure 2B ). In line with the structural data, substitution of Ile17, Ile28, and Leu81 by Ala weakens the intersubunit hydrophobic interactions and monomerizes CesAB ( Figure S2C ).
Folding and Dynamic Properties of the CesAB Homodimer
As noted above, the determined structure of CesAB ( Figure 2A and Figure S2A ) is heavily biased toward the folded conformation and, thus, provides a limited view of the actual native conformational ensemble of the protein. To gain insight into the dynamic and folding properties of CesAB we determined secondary structure propensity (SPP) (Marsh et al., 2006) values, random coil chemical-shift index (RCI) order parameters (S 2 ) (Berjanskii and Wishart, 2005; Meinhold and Wright, 2011) , and monitored equilibrium denaturation (McParland et al., 2002; Redfield et al., 1999 ) on a per-residue basis by NMR.
A SSP score at a given residue of 1 reflects a fully formed a-helical structure, whereas a score of 0.5 indicates that 50% of the conformers in the native state ensemble of the protein are helical at that position (Marsh et al., 2006) . The SPP data (Figure 3A) indicate that about one third of the residues in native CesAB are found at positions that form fully or near fully a-helical structure (SSP score, 0.8-1) and one third are located in regions that have substantial propensity to form a-helical structure but with a significant fraction in the unfolded state (SSP score 0.5-0.7), whereas the remaining one third are located in regions having a low propensity to form a-helical structure or are completely disordered ( Figure 3A ). RCI-S 2 values, which may vary from S 2 = 1 for a very rigid bond vector to S 2 = 0 for a very flexible bond vector, further support these observations ( Figure 3B ).
To better understand the conformational and folding properties of native CesAB, we used NMR to measure equilibrium denaturation. This approach is very powerful because it can provide residue-specific information about structural and dynamic transitions in partially folded (e.g., molten globule) conformational states (McParland et al., 2002) . CesAB was titrated with increasing concentrations of urea (ranging from 0 to 9 M), and 1 H-15 N HSQC spectra were acquired at each urea concentration (increments of 0.5 M; Figure S3A ). As the concentration of urea increases, the line-broadening effect is greatly reduced and a large number of peaks start gradually appearing ( Figure S3A ). This is due to the fact that urea shifts the conformational equilibrium toward the unfolded state. By measuring the intensity of each one of the resonances as a function of urea concentration, a denaturation profile for each residue was constructed (Figure S3B and Experimental Procedures) .
The NMR-determined urea denaturation profiles are distinct ( Figure S3B ), especially regarding the per-residue free energy of unfolding (DG 0 U-F ) ( Figure 3C ) or the midpoint of denaturation (C m ) ( Figure S3C ), further corroborating the NMR data (Figures 1B and 1C) showing that CesAB is noncooperatively stabilized. The groups of residues that are most resistant to urea denaturation consist of residues 17, 18, and 23-29 (all located in helix a1) and residues 78-86 of helix a3. These results are in excellent agreement with the structure of the native CesAB homodimer, pinpointing this surface as being primarily responsible for mediating CesAB dimerization ( Figure 2 ). Taken together, the data show that the CesAB homodimer adopts a molten globule-like structure that is characterized by a relatively compact helical bundle conformation with regions of mixed folded and partially folded secondary structure, but that structure lacks the extensive and specific tertiary side-chain packing characteristic of well-folded structures.
Coiled-Coil Sequence Irregularities Cause Packing Defects in CesAB
Interactions within the helical bundle of CesAB are mediated by coiled-coil contacts and, thus, are governed by the properties of the amino acids along the heptad sequence repeat in the form abcdefg (Grigoryan and Keating, 2008) . Analysis of the CesAB structure shows that there are coiled-coil sequence irregularities at several positions ( Figures 4A and 4B) . A prominent irregularity appears to be the presence of a charged residue (Glu) at position 20, a d position most favorably occupied by a hydrophobic residue in coiled coils (Grigoryan and Keating, 2008) . Thus, the interaction between the two CesAB subunits (a1-a1 0 interface) must be unfavorable because it juxtaposes two like-charged residues ( Figure 4A ). Indeed, sequence optimization by substituting Leu for Glu20 (E20L) substantially increases the a-helical content and confers notable stabilization to the CesAB structure ( Figures 4C-4E ). NMR analysis shows that the E20L substitution stabilizes the folded conformation of CesAB (Figure S4A ) and near-UV data show a significant improvement in side-chain packing ( Figure S4B ). The structural data further suggest that substitution of Glu30 by a hydrophobic residue would strengthen the a1-a1 0 interface by optimizing coiled-coil contacts. Indeed, the E30L substitution further stabilizes CesAB ( Figure 4E ). In fact, the double E20L/E30L substitution confers remarkable stability to the CesAB homodimer, with the melting temperature (T m ) of CesAB-E20L/E30L increasing by $32 C compared to wild-type CesAB ( Figure 4E ).
Nevertheless, despite the great stabilization afforded to the CesAB homodimer by the substitutions at the a1-a1 0 interface, the CesAB homodimer still appears to unfold in a rather noncooperative manner, as evidenced by the CD-monitored thermal denaturation ( Figure 4D , red profile) and residue-specific DG 0 U-F ( Figure 3D ) and C m values ( Figure S3C ). Moreover, the NMR spectra show that substantial conformational exchange phenomena are still present in CesAB-E20L and CesAB-E20L/ E30L ( Figure S4A ). Taken together, these data indicate that sequence optimization along the a1-a1 0 interface of CesAB is not sufficient to yield a well-packed four-helix bundle.
Analysis of the CesAB structure highlighted two positions as possible contributors to the overall poor packing in CesAB: Asp14 and Arg18 ( Figure 4B ). Indeed, substitution of Asp14 by Leu and of Arg18 by Asp (to form a salt bridge with 
Lys77
0 )-substitutions that are expected to enhance the intersubunit interactions between helices a1 and a3 0 ( Figure 4B )-stabilize CesAB in a highly cooperative manner, as evidenced by the sigmoidal thermal denaturation profile ( Figure 4D , orange), the uniform residue-specific DG 0 U-F ( Figure 3E ) and C m values ( Figure S3C ), and the large free energy of global unfolding (DDG un $6.3 kcal mol À1 ). Collectively, the results indicate that CesAB has several weak spots at its helical bundle interface, resulting in low stability and poor packing. Notably, the CesAB-D14L/R18D/E20L triple mutant that was designed to correct the three most prominent sequence irregularities, results in complete suppression of the conformational exchange giving rise to NMR peak dispersion and line widths that are characteristic of well-folded proteins ( Figures S4C and S4D ).
CesAB Folds upon Binding to Its Physiological Substrate, the Translocator EspA The CesAB homodimer undergoes subunit exchange to interact with its cognate substrate (i.e., the translocator EspA) to form a 1:1 heterodimeric complex ( Figures 5A and S5A ) (Yip et al., 2005) . NMR analysis shows that CesAB, which is poorly folded in the homodimer, acquires a well-folded structure upon binding to EspA (Figures S5B and S5C ) that is in agreement with the crystal structure of a truncated form of the heterodimer (Yip et al., 2005) . NMR analysis of the intact complex shows that CesAB forms three well-folded a helices (a1, residues 3-46; a2, residues 50-60; and, a3, residues 67-85), whereas EspA forms four a helices and a b sheet (a1, residues 37-58; a2, residues 77-92; a3, residues 132-144; a4, residues 149-188; b1, residues 96-102; b2, residues 123-130) ( Figures 5B, 5C , and S5D). The CesAB protomer adopts a similar overall fold in the homo-and heterodimer ( Figure 5C ); however, in the CesAB homodimer all three a helices are much shorter and largely unwound and dynamic, in contrast to the CesABÀEspA complex wherein they are well folded ( Figure 5C and Figure S5D ). Thermal denaturation of CesABÀEspA shows that the heterodimeric complex is more stable than the CesAB homodimer and that it unfolds in a largely cooperative fashion ( Figure S5E ). This system is rather unusual because the least expected partner, the chaperone, appears to be in a metastable state in the absence of its substrate and becomes folded only when bound to it.
EspA Uses Structural Mimicry to Selectively Stabilize the Heterodimer Interestingly, structure analysis shows that EspA uses structural mimicry to induce folding to CesAB and to stabilize the heterodimeric complex. More specifically, whereas residues Glu20 and Glu30 destabilize the CesAB homodimer (Figure 4 ), EspA offsets these weak spots by providing juxtaposed amino acids (Arg174 and Gln181) that can form favorable polar interactions in the heterodimer: EspA Arg174 forms a salt bridge with CesAB Glu20 and EspA Gln181 forms a hydrogen bond with CesAB Glu30 ( Figure 5D ) (Yip et al., 2005) . In addition, while helices a1 and a3 0 in the homodimer are not properly packed due to the mismatch caused by Asp14 and Arg18 (Figure 4B) , the residues at the corresponding positions in EspA in the heterodimer form optimal coiled-coil contacts with CesAB ( Figure 5D ): Leu180 forms hydrophobic coiled-coil contacts with the a3 helix of CesAB and Asp176 forms a salt bridge with Lys77 at the CesAB a3 helix. As a result of the improved packing, a considerably larger number of nonpolar and polar contacts are present in the heterodimer (Yip et al., 2005) , which buries $4,400 Å 2 , whereas the homodimer buries a maximum of $1,200 Å 2 (Figures S5F and S5G) . The data show that EspA makes use of structural mimicry to form a complex with CesAB that has a similar fold to the homodimer but takes advantage of sequence irregularities in CesAB and provides compensatory contacts that selectively stabilize the heterodimer over the homodimer.
The CesAB Homodimer is Autoinhibited
Notably, superposition of the structure of the CesAB homodimer on the structure of the CesABÀEspA heterodimer shows that the EspA-binding site in the CesAB homodimer is totally buried in the dimer interface ( Figures 5B and 5E ). Specifically, helices a1 and a3 of CesAB in the homodimer have very similar positions relative to the other CesAB subunit, to the EspA helices a4 and a1, respectively ( Figures 5B and 5E ). These structural data demonstrate that the binding sites for one of the CesAB protomers and EspA are mutually exclusive. Thus, the CesAB homodimer adopts an autoinhibited conformation, apparently as a means to bury the extended hydrophobic surface presented by each protomer ( Figure 2C ) and to remain soluble in the absence of EspA. Thus, CesABÀEspA complex formation requires that EspA counteract the autoinhibitory arrangement to compete for one of the CesAB subunits.
CesAB Becomes Poised for EspA Binding by Transient Opening of Its Structure Facilitated by Packing Defects
Relief of inhibition in autoregulated systems is typically accomplished by allosteric effector binding or covalent modifications that elicit substantial conformational changes (Pufall and Graves, 2002; Schlessinger, 2003) . However, CesAB binds readily to EspA in the absence of such an external stimulus. On the basis of our collective data, we hypothesized that the severe conformational exchange experienced by the CesAB homodimer is due to the transient opening and closing of helices a3 with respect to helices a1 ( Figures 6A and S6A) , a process that takes place on the milli-to-microsecond (ms-ms) time scale because it results in line broadening (Mittermaier and Kay, 2006) . Indeed, conformational exchange is drastically suppressed in the NMR spectra of CesAB containing the double D14L/R18D substitution, which enhances cooperative interactions in CesAB by strengthening the a1Àa3 0 interface ( Figures S4C, S4D , and S6C). Additional evidence is provided by a dimeric, truncated CesAB construct (CesAB ) that lacks helices a2 and a3 and, in sharp contrast to full-length CesAB, unfolds in a largely cooperative manner and experiences no conformational exchange ( Figure S6B ). Taken together, the results provide strong evidence that the conformational exchange in CesAB results EspA-bound CesAB (%) primarily from the opening and closing of the second arm of the hairpin consisting of helices a2 and a3 and relative to the first arm consisting of helix a1 ( Figure 6A ). The transient opening of helix a3, which constitutes an EspA binding site (Figure 5B) , could function as an anchoring structural element for the initial binding of EspA to the CesAB homodimer. To test this hypothesis, we created a disulfide cross-linked CesAB variant wherein the a1 helices of the two CesAB subunits in the homodimer have been crosslinked to prevent dissociation ( Figures S6D and S6E) . Size-exclusion chromatography shows that EspA does indeed bind to the CesAB a1-a1 0 crosslinked variant (CesAB cl ), forming a higher-molecular-weight complex despite the fact that the a1 helices, which provide the largest EspA binding surface, are not available for binding ( Figure S6F ). EspA eventually dissociates from CesAB cl because formation of an ultimately stable heterodimeric complex requires CesAB homodimer dissociation. Indeed, NMR characterization (Figure S6D ) of this heterodimeric complex confirms that CesAB helices a3 and a3 0 of CesAB are bound to EspA, indicating that they constitute the initial binding regions to EspA ( Figure 6A) . Thus, the results suggest that initial EspA docking to CesAB does not require prior dissociation of the homodimer; rather, EspA appears to bind to the transiently exposed a3 helices of the CesAB homodimer. This conclusion is further supported by the observation that a CesAB variant, wherein the two a3 helices are crosslinked, does not bind to EspA ( Figure S6H) . Collectively, the data suggest that the packing defects at the a1Àa3 0 (and a1 0 Àa3) interface allows a3 (and a3 0 ) to transiently detach from the helical bundle and become available for EspA binding ( Figure 6A ).
The Finely Tuned Folding Properties of CesAB Regulate Its Activity and the Biological System In Vitro and In Vivo
On the basis of our combined data, we hypothesized that the intriguing structural and dynamic properties of CesAB modulate the transient opening of its structure and, thus, its affinity for EspA. To test this hypothesis, we assessed the effect of various CesAB mutations on its binding activity for EspA by measuring the relative stability of the heterodimer over the homodimer ( Figure 6B and Figures S6I and S6J ). As noted above, the transient opening of the a1Àa3 0 interface provides the pathway for CesAB to relieve the autoinhibition mechanism and become poised for EspA binding ( Figure 6A ). Indeed, optimizing the packing between helices a1 and a3 0 in the CesAB homodimer by D14L/R18D substitution, which prevents the transient opening of the a3 helices ( Figure S6C ), decreases drastically the CesAB affinity for EspA binding ( Figure 6B ) and, as a result, EspA forms filaments ( Figure S6J ). Therefore, CesAB requires transient opening of the a1Àa3 0 interface to rapidly overcome autoinhibitory conformation and efficiently capture EspA, which has a strong tendency to self-polymerize.
The folding and dynamic properties of the a1Àa1 0 interface are also finely tuned. As expected, substitutions that improve the packing at the a1Àa1 0 interface, such as E20L and E30L, render the homodimer much more stable than the heterodimer (Figure 6B) . Combined substitutions at both the a1Àa1 0 and a1Àa3 0 interface (e.g., CesAB-D14L/R18D/E20L) have a much stronger effect. Interestingly, in vivo genetic complementation assays show that EspA secretion is severely compromised in cells with cesAB genes carrying these packing-optimized mutants ( Figure 6C ). In addition, infection of HeLa cells by EPEC strains carrying packing-optimized cesAB mutated genes fail to cause actin polymerization, indicating defective secretion of TTS effectors (Figures 6D and S6K) . Control experiments show that these CesAB amino acid substitutions exert their effect primarily by stabilizing the homodimer and not by destabilizing the heterodimer (Figures S5H and S5I) . Collectively, these functional assays provide strong evidence that a less labile CesAB becomes nonfunctional by causing severe EspA binding and secretion deficiencies.
Interestingly, the regulatory capacity of the a1Àa3 0 interface appears to be much higher than that of the a1Àa1 0 interface. For example, DG 0 U-F of CesAB-E20L is $3 kcal mol À1 higher than that of CesAB-D14L/R18D ( Figures 3D, 3E , and S3C). Thus, it would be expected that E20L substitution would have a much stronger effect on EspA binding than D14L/R18D. However, we observe the opposite effect ( Figure 6B ). Moreover, although EspA binds very weakly to CesAB-E20/E30L, EspA-R174L/Q181L, which is designed to optimally juxtapose with CesAB-E20L/E30L ( Figure 5D ), forms a stable heterodimeric complex ( Figure 6B ). Nevertheless, this heterodimeric complex does not form at all when double D14L/R18D substitution suppresses transient exposure of the a3 helix ( Figure 6B ).
The CesAB Binding Mechanism Is Evolutionarily Conserved Among Other TTS Systems
SseA (Ruiz-Albert et al., 2003) and EscC (Zheng et al., 2007) are two chaperones whose function is to prevent oligomerization of their cognate translocators, SseB and EseB, respectively, in the TTS systems of two different pathogenic bacteria (Salmonella sp. and Ed. Tarda, respectively) ( Figure S7A ). MALS data show that both SseB and EscC chaperones are dimeric but they form a 1:1 heterodimeric complex with their cognate translocators ( Figures S7B and S7C) . Thus, similar to CesAB binding to EspA, these chaperones undergo a subunit exchange mechanism upon interacting with their substrates ( Figure S7C ). The CD data show that both chaperones are a-helical ( Figure S7D ) and both undergo a noncooperative unfolding transition ( Figure S7E ). Remarkably, NMR analysis of SseA and EscC homodimers demonstrate that both chaperones adopt a molten globule-like conformation ( Figure S7F ). Binding of their cognate translocator induces folding to the chaperones ( Figure S7F ). These data show that the exchange subunit mechanism underlying the CesAB binding mechanism to its substrate (EspA), a mechanism assisted and stimulated by the dynamic and folding properties of the dimeric chaperone, is evolutionarily conserved among other chaperones in different bacterial organisms and TTS systems.
DISCUSSION
Regulation of the vast number of cellular protein-protein interactions may be underpinned by a multitude of mechanisms (Boehr et al., 2009; Kuriyan and Eisenberg, 2007; Smock and Gierasch, 2009; Tokuriki and Tawfik, 2009; Tsai et al., 2009) . The discovery of additional mechanisms will allow better understanding of how protein complexes are regulated and advance our ability to manipulate their formation or disruption. Here, we report an evolutionarily conserved mechanism that tunes the dynamic and folding properties at protein interfaces as a means to regulate binding.
The cesAB and espA genes are located 25-kilobases apart and, thus, are not cotranscribed. Because EspA has a strong tendency to quickly self-oligomerize to form filaments, proper function of the TTS system requires that CesAB rapidly capture EspA in the monomeric state (Figure 7 ). Due to the opposite charge of CesAB and EspA (pI is $9.2 and 4.3, respectively), electrostatic steering (Sheinerman et al., 2000) could accelerate the association kinetics of complex formation. However, given the fact that CesAB exists in an autoinhibitory conformation, fast and productive formation of the CesABÀEspA heterodimer can occur only if CesAB becomes rapidly poised for EspA binding. CesAB accomplishes this by transiently exposing an EspA-binding region with submicrosecond kinetics (helices a3; Figure 7 ). This mechanism bypasses the need for a complete CesAB dissociation, which, due to the intertwined nature of the CesAB structure (Figure 2A ), would likely require complete unfolding of the subunits and would be quite slow. The mechanism by which CesAB becomes poised for EspA binding is strongly stimulated by packing defects at the a1Àa3 0 interface that originates in coiled-coil sequence irregularities ( Figure 4B ). Correction of these sequence irregularities suppresses the binding mechanism (Figure 7) , giving rise to a nonfunctional TTS system (Figure 6 ). For the initial CesABÀEspA intermediate to collapse to a stable complex ( Figures 6A and 7) , the CesAB homodimer must undergo efficient subunit exchange. Coiled-coil sequence irregularities at the a1Àa1 0 interface results in a rather unstable dimerization interface in CesAB (Figure 4) , enhancing the efficiency of the partner exchange mechanism.
The functionality of this system depends not simply on the concentration difference between the homodimer and the heterodimer and their relative affinities, but rather on the efficiency of the disordered-stimulated binding mechanism. This is clearly demonstrated by the fact that the D14L/R18D substitution, which suppresses the binding mechanism, causes a drastic decrease in EspA binding irrespective of the extent of the a1Àa1 0 dimerization interface optimization ( Figure 6B ). For example, even though the stability afforded to CesAB dimerization by E20L is greater than the stability afforded by D14L/R18D ( Figures 3D and 3E) , the effect of the latter on reducing CesAB affinity for EspA is much stronger than the former ( Figure 6B ). Even the single D14L substitution, which negligibly affects the stabilization of CesAB dimerization ( Figure 4E ), exerts a stronger effect than E20L substitution in preventing EspA secretion ( Figure 6C ). Thus, well-folded CesAB would be incapable of interacting with EspA even if the dimerization interface were weak enough.
Although the instability and dynamic nature of the a1Àa3 0 interface is crucial for stimulating the binding mechanism of CesAB, the a1Àa1 0 interface, which constitutes the main dimerization interface, is also important for the formation of a functional CesABÀEspA complex for two reasons. First, the low stability of the a1Àa1 0 interface stimulates partner exchange such that the entire CesAB homodimer dissociates to form a complex with EspA. Second, if the intersubunit contacts at the a1Àa1 0 interface were optimal (e.g., in the case of CesAB-E20L/E30L), a CesABÀEspA complex would form only if EspA had evolved to optimally juxtapose with this form of CesAB (e.g., EspA-R174L/Q181L) ( Figure 6B ). However, the resulting heterodimer is much more stable than the wild-type CesABÀEspA complex (DT m $20 C), preventing EspA secretion ( Figure 6C ), presumably because the heterodimer is impossible to dissociate at the injectisome base, thus resulting in a non-functional system. Indeed, TTS chaperoneÀsubstrate complexes of excessive stability cannot be dissociated and are not secreted (Akeda and Galá n, 2005; Sorg et al., 2005) .
To conduct its function with maximum efficiency, the CesAB chaperone apparently has evolved to adopt a partially folded, See also Figure S7 .
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Structural Instability Regulates Protein Complexes molten globule-like conformation. Such a conformational state affords CesAB a significant regulatory capacity, enabling it to finely tune the structural and dynamic properties of both a1Àa1 0 and a1Àa3 0 interfaces simultaneously. The fact that other chaperones from different TTS systems that encounter the same challenge have also evolved to adopt molten globule-like conformations ( Figure S7 ) strongly argues for the physiological relevance of this mechanism.
It is particularly interesting that the translocator EspA uses structural mimicry to interact with the homodimeric CesAB chaperone, displacing one of the subunits and forming a stable heterodimeric complex ( Figure 5B ). While structural mimicry is a common strategy used by TTS effector proteins to interact with target eukaryotic proteins (Elde and Malik, 2009; Galá n, 2009) , our data suggest that structural mimicry may, in fact, be a widespread mechanism among various TTS components.
Molten globule conformations in proteins emerge as a particularly efficient mechanism to regulate binding/enzymatic activities and allosteric interactions (Demarest et al., 2002; Liu and Nussinov, 2008; Pervushin et al., 2007) and may even be a common feature in TTS (Dawson et al., 2009; Faudry et al., 2007) . As shown previously for a number of biological systems, the CesAB chaperone provides a compelling example of a system that exploits structural instability for function (Dyson and Wright, 2005) .
EXPERIMENTAL PROCEDURES Protein Preparation
Procedures for cloning, expression, purification, and isotopic labeling of recombinant proteins utilized for NMR studies and in vitro biochemical assays are described in Supplemental Experimental Procedures.
Nuclear Magnetic Resonance Spectroscopy
Procedures for NMR characterization and resonance assignment are described in Supplemental Experimental Procedures.
Nuclear Magnetic Resonance Urea Denaturation Experiments
This approach was used to assess the effect of amino acid substitutions on the stability and folding cooperativity of CesAB. Two CesAB samples with identical protein concentration (0.5 mM) were prepared, one containing protein in 9 M urea and the second containing protein in the absence of urea. The two solutions were then mixed to give separate samples with urea concentrations ranging from 0 to 9 M urea (in 0.5 M increments). Each sample was equilibrated for 2 h at 25 C before acquisition of the 1 H-15 N HSQC spectrum. The intensity of every nondegenerate resonance observed in each spectrum during the urea titration was measured and normalized and a denaturation profile for each residue was constructed ( Figure S3B ). Details for the determination of the apparent midpoint (C m ) of the unfolding transition and the per-residue free energy of (un)folding are described in Supplemental Experimental Procedures.
Determination of Secondary Structure Propensity Values
The chemical-shift deviation from random coil values was used to assess the secondary structure propensities (SSP) along the backbone of CesAB homodimer. Random coil values were extracted from the chemical shifts of CesAB in 9 M urea. Because in this case chemical-shift differences are sequenceindependent, referencing correction is unnecessary. The 13 C a , 13 C 0 , and 13 C b chemical shifts were used to assess the secondary structure propensity of CesAB homodimer in a residue-specific manner as described (Marsh et al., 2006) .
Approach for Structure Determination of the CesAB Homodimer
Procedures for the determination of Nuclear Overhauser Effects NOEs, paramagnetic relaxation enhancement (PRE), and dihedral angle restraints as well as the structure calculation protocol are described in Supplemental Experimental Procedures. Briefly, a significant number of restraints (Table S1) were collected for CesAB homodimer in 10% TFE, consisting of medium-and long-range NOEs ( Figure S1D ) and PREs and dihedral angle restraints. The final structure of CesAB under native conditions (0% TFE) was obtained by refining the initial structure determined for CesAB in 10% TFE by incorporating restraints obtained for CesAB under native conditions to more reliably represent the secondary and tertiary structure of the native state. Restraints used to determine the final structure of the native CesAB homodimer included NH-NH, NH-methyl (Ala, Ile, Leu, and Val residues) and methyl-methyl NOEs, PREs, and dihedral angle restraints (Table S1 ).
CD Spectroscopy and Thermal Unfolding
Procedures for the collection of CD spectra and the determination of transition temperatures (T m ) are described in Supplemental Experimental Procedures.
In Vivo Secretion from Escherichia coli Strains and Infection of HeLa Cells Procedures for the secretion and infection assays are described in Supplemental Experimental Procedures. Briefly, in vivo secretion was induced by incubating derivatives of EPEC strain E2348/69 at 37 C and the expression of the different genes was induced when OD 600 reached $0.3. Total cells and supernatant fractions were separated by centrifugation, precipitated, and analyzed by SDS-PAGE and immunoblotting. Secreted polypeptides were analyzed by 15% SDS-PAGE and immunoblotting using rabbit polyclonal antibody against EspA. All the loaded samples were adjusted to represent equal numbers of bacteria. For the in vivo infection assays, bacterial cultures of EPEC strains were grown for 18 h in LB. Subconfluent lawns of HeLa cells were infected for 2 h with the primed bacterial cultures. Bacterial cell numbers were calculated from the OD 600 of each culture and $3.5 3 10 7 bacteria were inoculated in each well. 
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